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serve as docking sites for proteins involved in downstream signaling. It is thought that MuSK-mediated tyrosine phosphorylation of AChRs facilitates their interaction with molecules of the cytoskeleton such as Factin (Dai et al. 2000) , leading to focal accumulation of AChRs through lateral diffusion. In addition to several tyrosine residues, a phosphorylated serine residue was reported on the MuSK kinase insert (KI). The KI is an epitope of disordered and exposed conformation present in many receptor tyrosine kinases. It divides the tyrosine kinase domain into two subdomains (Ullrich and Schlessinger 1990; Heldin 1995; Till et al. 2002) , However, its function in most of these kinases, including MuSK, is unknown.
Downstream signaling of MuSK phosphorylation is poorly understood. Activated MuSK associates with Src class kinases and Abl, both of which are required for the stabilization of AChR clusters in cultured muscle cells (Mohamed et al. 2001; Finn et al. 2003; Sadasivam et al. 2005) . Furthermore, members of the Rho family of small GTPases are involved in different steps of AChR aggregation (Weston et al. 2000 (Weston et al. , 2003 , as well as in Agrin-induced AChR and MuSK gene transcription (Lacazette et al. 2003) . Therefore, activated MuSK appears to initiate downstream signaling cascades of tyrosine phosphorylation through Abl and Src class kinases on the one hand, and through the Rho family of kinases on the other, inducing both transcription of AChR genes and aggregation of the AChRs. However, their physiological significance has not been demonstrated in vivo.
Here, we aimed to elucidate MuSK downstream signaling events by identification of proteins associated with the intracellular domain of MuSK. By performing a yeast two-hybrid screen, we identified the protein kinase CK2␤ subunit (the holoenzyme was formerly called casein kinase 2) able to interact with the intracellular part of MuSK. CK2 is a highly conserved, ubiquitously expressed serine/threonine kinase present in all eukaryotes (Meggio and Pinna 2003; Olsten and Litchfield 2004) . It is involved in many biological processes, such as proliferation, apoptosis, differentiation, and tumorigenesis. The CK2 holoenzyme consists of a tetramer of two catalytic (␣/␣Ј) and two regulatory (␤) subunits. Ablation studies have demonstrated the inability of CK2␣ to compensate for the loss of CK2␣Ј during mouse spermatogenesis (Xu et al. 1999; Escalier et al. 2003) , suggesting functional specialization. In mice, disruption of the gene encoding the CK2␤ subunit is lethal at a very early embryonic stage (Buchou et al. 2003 ). The precise mode of regulation of CK2 activity is poorly defined; i.e., whether CK2 is constitutively active or modulated in response to stimuli (Olsten and Litchfield 2004) . Recently, the involvement of CK2 in the Wnt/␤-catenin signaling pathway has been reported (Song et al. 2000 (Song et al. , 2003 . The planar-cell polarity part of the Wnt/␤-catenin pathway is also implicated in post-synaptic cytoskeletal reorganization since members of this pathway, namely ␤-catenin, Dishevelled, and the tumor suppressor protein adenomatous polyposis coli, directly associate with players of the post-synaptic membrane (Luo et al. 2002 (Luo et al. , 2003 Zou 2004) .
We now find that CK2␤ strongly interacts with the phosphorylated intracellular domain of MuSK at the NMJ. This interaction requires the entire intracellular MuSK domain except the C-terminal PDZ-binding motif, as well as the positive regulatory domain of CK2␤. Further, we demonstrate phosphorylation of serine residues within the KI of MuSK by CK2. Finally, we corroborated our in vitro data by generation and characterization of myotube-specific CK2␤ knockout mice.
Our data thus identify CK2-mediated serine phosphorylation of MuSK as a critical step in downstream signaling at the NMJ, and they suggest for the first time a functional role for the KI of MuSK.
Results

Interaction of CK2 subunits with the intracellular domain of MuSK
We created a yeast two-hybrid bait representing the native intracellular domain of active MuSK. To this end, we fused two complete intracellular MuSK domains by a flexible linker (Fig. 1A; MuSK2xwt) . To resolve whether binding of potential MuSK interactors depended on the phosphorylation state of MuSK, we generated a similar construct with an inactive kinase domain ( Fig. 1A ; MuSK2xkd). Both bait constructs are properly expressed in yeasts and in Cos7 cells (Fig. 1B) . Autophosphorylation was seen in MuSK2xwt, but not in MuSK2xkd (Fig. 1B) . We screened ∼6 × 10 6 independent yeast colonies with the yeast two-hybrid assay using MuSK2xwt as a bait. One of the candidates we independently identified many times was the ␤ subunit of CK2. We confirmed this interaction by coimmunoprecipitations in transiently transfected HEK293 cells (Fig. 1C) . It should be noted that HEK293 cells contain additionally endogenous CK2. The CK2␤ subunit preferentially interacted with the tyrosine-phosphorylated form of the intracellular domain of MuSK, which is represented by the slightly slower migrating band of the two bands running at the size of MuSK2xwt (Fig. 1C ). We extended our interaction studies to the ␣ subunit of CK2 since CK2 mainly acts as a tetrameric holoenzyme. Both subunits interacted with the intracellular domain of MuSK, but the interaction with the ␣ subunits was much weaker (Fig. 1C) . Next, we examined whether the interaction of MuSK with either CK2␣ or CK2␤ takes place in the presence of both CK2 subunits. This would indicate nonoverlapping binding epitopes for CK2␣, CK2␤, and MuSK. Precipitation of CK2␤ in the presence of MuSK2xwt and CK2␣ led mainly to the coprecipitation of the tyrosine-phosphorylated form of MuSK2xwt (Fig. 1D) . Further, if we precipitated MuSK2xwt from cells coexpressing both CK2 subunits, we could coprecipitate CK2␣ (Fig. 1E ). These experiments demonstrate an interaction between MuSK and the CK2 regulatory or catalytic subunit regardless of the coexpression of the other CK2 subunit. We then asked if the interaction between the CK2␣ and CK2␤ subunits is affected by the presence of MuSK. We observed coprecipitation of CK2␣ by CK2␤, independently of the presence of MuSK (Fig. 1F) . Finally, MuSK also interacts with CK2␤ under physiological conditions as evidenced by coimmunoprecipitation of endogenous proteins from myotubes treated with neural Agrin (Fig. 1G ) and from the synaptic regions of innervated muscles (Fig. 1H) . Recently, several publications described CK1 proteins as important mediators of the Wnt pathway (Davidson et al. 2005; Swiatek et al. 2006) . To test for potential binding of Wnt pathway members, we examined if (1) CK2␤ binds to Wnt receptors, or (2) CK1 proteins and MuSK interact with each other. Although we identified expression of almost all CK1 proteins and Wnt receptors in C2C12 myoblast and myotubes, we ascertained the absence of any interaction except the interaction between CK2␤ and MuSK (see Supplementary  Fig. 1 ).
We next determined the epitopes of the MuSK intracellular domain and of CK2␤ that interact with each other. First, we generated a number of C-terminal deletion constructs for both proteins to investigate their binding to the full-length interacting counterpart ( Fig. 2A,B) . We fused these deletion mutants to the Gal4-DNA binding or Gal4 activation domain and looked for interaction by the yeast two-hybrid technique. MuSK2xwt, MuSK2xkd, and the intracellular domain of MuSK (MuSK-868) interacted with full-length CK2␤. Deletion of the PDZ-binding domain (MuSK-857) located at the very C terminus of MuSK did not abolish interaction with full-length CK2␤, but any further deletion prevented binding completely (Fig. 2C) . On the other hand, all deletion mutants of CK2␤ failed to interact with MuSK2xwt (Fig. 2C) . We confirmed these epitope mapping studies by GST pulldowns of MuSK2xwt from HEK293 extracts using the same CK2␤ deletion fragments fused to GST (Fig. 2D) , or by coimmunoprecipitation of CK2␤ from HEK293 cell extracts containing deletion mutants of the intracellular MuSK domain (Fig. 2E) .
Localization of CK2 subunits at the NMJ
Given that CK2 and MuSK interact physically and that MuSK is concentrated at the NMJ, we sought to determine the temporal and spatial expression profile of CK2 subunits in synaptic and extrasynaptic regions. By immunohistochemical staining of cross-sections of hindlimb muscles of mice, synaptic localization of CK2␤ was first detected at postnatal day 7 (P7) (Fig. 3A) , whereas no CK2␤ staining was observed at earlier stages (embryonic day 18.5 [E18.5], P0; data not shown). At later stages, synaptic CK2␤ was always colocalized with BTX immunostained AChR clusters in all muscles examined; i.e., soleus, gastrocnemius, and extensor digitorum longus (EDL) (Fig. 3A,B) . Whenever CK2␤ was colocalized with BTX, we could also detect colocalized CK2␣ (Fig. 3B-E) . CK2 immunoreactivity was localized, at least in part, in the post-synaptic membrane rather than the motor nerve terminal or the terminal Schwann cells. In adult muscles, it was maintained for at least 5 d following denervation when the nerve terminal has degenerated (Fig. 3C) , and it was seen at nerve cell-and Schwann Western blots are shown for coimmunoprecipitation of (1) MuSK2xwt by either CK2␣ or CK2␤ (C), (2) MuSK2xwt by CK2␤ in the presence of CK2␣ (D), (3) CK2␣ by MuSK2xwt in the presence of CK2␤ (E), (4) CK2␣ by CK2␤ in the presence of MuSK2xwt (F), and (5) CK2␤ by MuSK using extract either from nerve-derived Agrin-treated C2C12 myotubes (G), or from the synaptic area of hindlimb muscles isolated from adult mice (H). G and H show interactions between CK2␤ and MuSK with endogenous muscle proteins.
cell-free ectopic post-synaptic membranes induced in vivo by recombinant Agrin ( Fig. 3D ; Meier et al. 1997; H.R. Brenner, unpubl.) ; in early postnatal (P14) muscles, when denervation leads to rapid loss of nerve terminals and Schwann cells (Trachtenberg and Thompson 1996) , CK2␤ immunoreactivity remained localized to the synapse for at least 4 d after nerve section (Fig. 3E) . While these experiments demonstrate that Agrin can recruit CK2 to the synapse, we do not know whether this involves synapse-specific transcription of the respective genes. Unlike for transcripts encoding, for example, AChR subunits or MuSK, quantitative RT-PCR of cDNA prepared from endplate bands of adult mouse diaphragm did not resolve significantly increased levels of CK2 transcripts (data not shown). With CK2 being ubiquitously expressed, weak synapse-specific expression may be obscured by transcripts from extrasynaptic segments inevitably contained even in carefully dissected endplate bands.
CK2 phosphorylates serine residues of MuSK
CK2 as a serine/threonine kinase might phosphorylate serine residues of the intracellular domain of MuSK. Indeed, a phosphorylated serine residue has been observed within the cytosolic part of MuSK (Till et al. 2002) . In silico we identified four serines potentially phosphorylatable by CK2 within the KI of MuSK (Fig. 4A) . To examine whether any of them are phosphorylated by CK2, we first determined in vitro CK2␣-dependent incorporation of [ 32 P]␥-ATP into synthetic peptides with sequences corresponding to parts of the KI of MuSK, containing the four potentially phosphorylatable serine residues or alanine substitutions thereof.
The peptides bearing MuSK serine residues 680 or 697 incorporated high amounts of radioactivity (peptides MuSK667, MuSK667-S678A, MuSK687, MuSK687-S690A) (see Fig. 4B ). In contrast, no incorporation was seen into peptides with respective alanine substitutions (peptides MuSK667-S680A, MuSK687-S697A) (Fig. 4B) . Conspicuously, the peptides containing S697 show a higher degree of phosphorylation than peptides comprising S680 (Fig. 4B,C) . We also determined the kinetics of serine phosphorylation with peptides representing parts of the MuSK KI. The higher incorporation of radioactivity into MuSK687, which contains S690 and S697, was reflected by a higher rate of phosphorylation of S697 than S680 (Fig. 4D) . Finally, we examined whether this serine phos- phorylation occurred in the MuSK protein. To this end, we purified the intracellular domain of wild-type MuSK and of a respective serine-to-alanine replacement mutant and examined CK2␣-dependent [ 32 P]␥-ATP incorporation. As with synthetic peptides, we observed phosphorylation of the wild-type intracellular domain of MuSK in the presence of CK2␣ (Fig. 4E ) that was, however, lower in the presence of the CK2 holoenzyme (Fig.  4E) . Again, the respective replacement of serines by alanines prevented incorporation of [ 32 P]␥-ATP by the CK2 catalytic subunit alone or together with the regulatory subunit (Fig. 4E) .
Consistent with a functionally important role of S680 and S697, they are conserved in different species. The higher conservation of S697 correlates with its higher phosphorylation rate (Fig. 4B,F) .
Physiological role of CK2 at the NMJ
The physiological role of CK2-mediated serine phosphorylation of MuSK on Agrin-induced AChR cluster formation was examined in C2C12 myotubes. Treatment of these myotubes with nerve-derived Agrin induced AChR clusters (Fig. 5C ). When CK2 activity was blocked by chemical inhibitors (10-60 µM)-like apigenin or DMAT (2-dimethylamino-4,5,6,7-tetrabromo-1H-benzimidazole), the latter of which is highly selective for CK2 over CK1 (Critchfield et al. 1997; Pagano et al. 2004 )-the number of Agrin-induced AChR clusters increased in a dose-dependent fashion by up to ∼2.5-fold (Fig. 5A,C) . However, the AChR clusters were smaller and highly dispersed (Fig. 5B,C) , suggesting that serine phosphorylation in MuSK KI is important for normal AChR cluster formation and maintenance. Concentrations of CK2 inhibitors >80 µM were toxic.
The change in AChR cluster formation upon application of apigenin or DMAT was not due to impairment of MuSK kinase activity. In the presence of CK2 blockers, MuSK-dependent incorporation of [ 32 P]␥-ATP into the in vitro MuSK substrate enolase (Mohamed et al. 2001 ) was unchanged ( Fig. 5D ). But after application of CK2 blockers, we observed a significant decrease in the stability of AChR aggregates. The time course of the disappearance of AChR clusters upon removal of Agrin in C2C12 myotubes did not depend on the cotreatment with CK2 inhibitor. But further treatment with inhibitor after removal of Agrin resulted in much faster disappearance of AChR clusters (Fig. 5E ).
Having found that S680 and S697 in the KI of MuSK are phosphorylated by CK2 (Fig. 4B ), we next examined whether their phosphorylation affected AChR clustering. To this end, different MuSK mutants were made where the respective serines were substituted either by alanines that cannot be phosphorylated, or by aspartates or glutamates that mimic constitutive phosphorylation (Huffine and Scholtz 1996; Chung et al. 2003) . Expression of these MuSK mutants was ascertained by transfection in HEK293 cells and Western blot (Fig. 6C ). To compare their effects on AChR clustering, they were transiently cotransfected with a nlsGFP expression plasmid into MuSK-deficient myoblasts (Herbst and Burden 2000) , which were then allowed to differentiate into myotubes. In this way, interference by endogenous MuSK could be avoided, and transfected myotubes could be identified by GFP fluorescence. As a control, wildtype MuSK was transfected. During the last 16 h in culture, the myotubes were treated with nerve-derived Agrin in the presence or absence of the CK2 inhibitor DMAT. With wild-type MuSK expressed, we observed in the absence of DMAT the expected regular patches of AChR clusters. In the presence of DMAT AChR clusters were affected as described above (Fig. 6A ). Upon transfection of MuSK constructs with alanine substitutions, AChR clusters were spotty and dispersed even in the absence of the inhibitor (Fig. 6A ). When the serine residues were substituted by either aspartates or glutamates, AChR clusters appeared as focused dense patches, and they were not affected by the presence of the CK2 inhibitor DMAT (Fig. 6A ). Changes in visual appearance of the AChR clusters were confirmed quantitatively by morphometrical analysis of the respective cluster areas (Fig. 6B) . Together, these data strongly indicate a role for CK2-mediated phosphorylation of serine residues at positions 680 and 697 within the intracellular part of MuSK in the regulation of AChR aggregation.
Knockdown of CK2 impairs AChR clustering
We further analyzed the requirement of CK2 activity for normal AChR clustering by separately knocking down the genes encoding each CK2 subunit, using CK2␣-, CK2␣Ј-, and CK2␤-specific small interfering RNA (siRNA) molecules. Their efficacy on the mRNA and protein levels was ascertained ( Fig. 7A-D ,G,H). We then transiently transfected them into MuSK-deficient myotubes together with cDNAs encoding MuSK and GFP. siRNAs active against either CK2␣ or CK2␣Ј affected Agrin-induced AChR clusters in a similar way as did transfection of MuSK serine/alanine mutants (Figs. 6A, 7E) or treatment with chemical inhibitors. Whereas ablation of only one of the two catalytic CK2␣ subunits does not interfere with cell survival, transfection of siRNA active against both CK2␣ and CK2␣Ј or CK2␤ strongly reduced myoblast proliferation and fusion into myotubes (Fig. 7F,I ), suggesting that catalytic CK2 activity is important for differentiation of cultured myotubes. 
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Deletion of the MuSK KI or its replacement by KIs of other receptor tyrosine kinases
We identified in silico several serine residues of the KI of Platelet-Derived Growth Factor ␤ Receptor (PDGF␤-R) to undergo potential CK2-dependent phosphorylation (Fig. 8D) . In contrast, the KIs of Insulin-like Growth Factor 1 Receptor (ILGF-1-R) and Insulin Receptor (IR) do not contain such phosphorylatable serine residues (Fig. 8D) . To further corroborate a role of CK2-dependent serine phosphorylation of the MuSK KI in AChR clustering, we created a number of different MuSK mutants that lack the KI or in which the KI was replaced with that from PDGF␤-R, ILGF-1-R, or IR. Expression of these mutant constructs was ascertained in HEK293 cells (Fig. 8C) . Only when MuSK-deficient myotubes were transfected with the MuSK-PDGF␤-R ⌲⌱ chimera bearing CK2 phosphorylatable serine residues did we observe regular AChR aggregation (Fig. 8A) . In contrast, AChR clusters were not detected when a MuSK mutant lacking its KI was transfected (data not shown). Transfection of MuSK mutants carrying KIs from ILGF-1-R and IR led to spotty AChR clusters (Fig. 8A ), as described above for impairment of CK2 function (Figs. 6A, 7E ). Changes in visual appearance of the AChR clusters were confirmed quantitatively by morphometrical analysis of the respective cluster areas (Fig. 8B ). These data further support the view that CK2-dependent phosphorylatable serines in MuSK KI contribute to the formation of regular AChR clusters.
Muscle-specific ablation of CK2␤ in mice impairs the maintenance of synaptic AChR clusters
To examine whether CK2␤ is important for synaptic AChR clustering in vivo, we ablated the CK2␤ gene selectively in muscle precursors. To this end, we bred mouse mutants with floxed exons within the CK2␤ genomic locus (Buchou et al. 2003 ) and expressing Cre recombinase from E9 onward under the control of the human skeletal actin promoter (Schwander et al. 2003) ; i.e., before NMJs begin to form at E13. Mutant mice (CK2␤ loxP/loxP , HSA-Cre) were born in the expected Mendelian ratio. Using the same transgene, previous experiments had demonstrated that Cre-dependent recombination is complete in all muscle nuclei (Escher et al. 2005) . Consistent with muscle-specific deletion, CK2␤ was not detectable at synapses by immunofluorescence staining (data not shown). CK2␤ transcript levels in E18 and adult mutant muscles were significantly reduced but still detectable (Fig. 9F) , as expected from the large (∼60%) fraction of nonmuscle nuclei present in adult muscle (Escher et al. 2005) . The mutant mice did not display an obvious phenotype within the first 2 mo of age. Over the next 4 mo, however, their grip strength, as measured by the time for which they could cling upside-down to a wire grid, began to decline dramatically (grid test) (Fig. 9A) , and body weight (∼5%-10%) was slightly reduced. The progressive weakness was accompanied by a significant decrease of miniature endplate currents (MEPC) of mutant muscles (Fig. 9B) . In contrast, wild-type littermates retained their grip strength and MEPC amplitudes were unaltered. The vast majority of mutant NMJs at 6 mo revealed impaired morphological appearance of the synaptic AChR clusters. Specifically, the characteristic pretzel-like shape of age-matched wild-type endplates was dramatically fragmented in mutant muscles and began to further disintegrate into a spotty appearance (Fig. 9C) . Interestingly, in spite of the fragmentation of the subsynaptic AChR clusters, the presynaptic terminal arborizations, as judged from immunostains for neurofilament, appeared largely intact even where postsynaptic AChR clusters had disintegrated into small spots (Fig. 9D) . These changes were observed in all muscles examined; i.e., soleus, gastrocnemius, EDL, and diaphragm (data not shown). Surprisingly, measurement of CK2 kinase activity in wild-type and mutant mice of different age demonstrated a decline of kinase activity during aging in wild types (Fig. 9E) . In CK2␤-ablated mutant muscles, CK2 kinase activity was higher than in wild-type mice but still declined proportionally during aging (Fig. 9E) .
Discussion
The main results of this study are, first, that CK2 is concentrated in the subsynaptic muscle membrane and that CK2-mediated serine phosphorylation of the intracellular domain of the receptor tyrosine kinase MuSK is important for normal AChR aggregation and maintenance by Agrin in cultured myotubes and for the maintenance of synaptic AChR clusters in adult mice. When CK2 function is impaired, AChR aggregation is im- paired, as shown both by inhibitor and knockdown studies in cultured myotubes and by ablation of CK2␤ in mouse muscle in vivo. In all cases, the number of AChR clusters significantly increased whereas their size decreased, resulting in fragmentation of Agrin-and nerveinduced AChR clusters. Second, we have identified a functional role of the KI of MuSK for the normal development of subsynaptic specializations.
In spite of the similar phenotypes of AChR clusters in myotubes in culture and at NMJs in vivo, they develop with strikingly different time courses: AChR clusters in myotubes disintegrate within hours upon blockade of CK2 activity or of knockdown of CK2 expression; in vivo, although synaptic CK2 expression is resolved only postnatally, synaptic AChR clusters develop normally, and, in CK2␤ mutants, the first signs of neuromuscular impairment are barely detectable before P60.
The rapid disappearance of Agrin-induced AChR clusters in cultured myotubes in the presence of CK2 inhibitor (Fig. 5E) indicates a role for CK2 in stabilizing AChR aggregates. Consistent with such a role, synaptic AChR clusters are resistant to denervation at adult endplates, when synaptic CK2 is resistant to denervation, but are rapidly dispersed when nerves are sectioned in neonates (Slater 1982) ; i.e., before CK2 is first observed at the synapses.
There are several plausible but, at present, no definitive explanations for the difference in time course with which Agrin-induced AChR clusters in cultured myotubes and nerve-induced AChR clusters in vivo are fragmented when CK2 function is impaired. First, we observed fragmentation of AChR clusters in cultured myotubes after inhibition of CK2 activity or knockdown of CK2␣. In our CK2␤ mutant mice, however, the CK2␣ subunits mediating the kinase activity are still present, and kinase activity is increased. Second, at the NMJ, Agrin may not be the only neural signal contributing to the stability of synaptic AChR clusters, as suggested by the recent observations that AChR clusters form readily at neuromuscular contact sites in ChAT/agrin-deficient mice Misgeld et al. 2005 ). Thus, nerveinduced AChR clusters may be more resistant to deprivation of CK2 than Agrin-induced AChR clusters. Third, in the CK2␤ mutant mice, we observed at P30-P240 a three-to sixfold increase in CK2 kinase activity compared with wild-type littermates (Fig. 9E) , the reason for which is not known. However, both in mutants and wild types, CK2 activity declined with age. On the other hand, MuSK appears to interact more strongly with CK2␤ than with CK2␣ (see coimmunoprecipitations in Fig. 1C ), suggesting that CK2␤ recruits CK2␣ to the intracellular domain of MuSK. If so, the decrease in the recruitment of CK2␣ to MuSK due to CK2␤ ablation could be compensated at younger, but not at older, ages by the increased CK2␣ activity. Fourth, the subsynaptic apparatus of mature endplates is structurally more differentiated and stable than Agrin-induced AChR clusters in myotubes, which may add to the higher resistance of synaptic AChR clusters to CK2␤ removal (Lupa and Caldwell 1991) .
The second major finding of the present work is that to our knowledge MuSK is one of the rare cases, next to, for example, the PDGF␤ Receptor (Ullrich and Schlessinger 1990) , in which a functional role of the KI could be documented. Evidence for this is that, first, the KI of MuSK appeared to be the most promising epitope in view of spatial accessibility due to its irregular end exposed conformation as suggested by the three-dimensional structure of the intracellular domain of MuSK (Till et al. 2002; Strochlic et al. 2004) . Second, peptide fragments of MuSK KI containing CK2 phosphorylatable serine residues are indeed phosphorylated by CK2 in vitro. Third, replacement of the identified CK2-phosphorylatable serine residues by nonphosphorylatable residues disturbed AChR aggregation. Fourth, inhibition of CK2 kinase activity leads to disturbed AChR aggregation in cultured myotubes. Fifth, replacement of the same serine residues by phosphorylation-imitating residues made AChR aggregation resistant to treatment by CK2 inhibitors. Sixth, the KIs of other receptor tyrosine kinases were only able to replace the KI of MuSK if they contained CK2-phosphorylatable serine residues. The fact that a previously reported mouse bearing a MuSK where the entire kinase domain was replaced by the same KI-deficient domain of TrkA generates normal AChR aggregates (Herbst and Burden 2000; Herbst et al. 2002 ) might due to the lack of long-term studies with these mice.
For the most part, the functional roles of KIs in receptor function went so far undetected. In some cases, however, they were suggested to modulate receptor interactions with certain cellular substrates and thus to modulate their function (Ullrich and Schlessinger 1990) . Consistent with this view, we did not observe a complete loss of AChR aggregation when we treated cultured myotubes with CK2 blockers or knockdown CK2␣. Phosphorylation of serine residues at the MuSK KI might produce docking sites for certain intracellular proteins. Indeed, previous work has hinted at potential serine phosphorylation of the MuSK intracellular domain (Till et al. 2002; Strochlic et al. 2004 ). We now demonstrate that serine phosphorylation in MuSK KI has a functional role and that it is mediated by CK2. One protein recently shown to interact with MuSK in a serine phosphorylation-dependent manner, is 14-3-3␥ (Strochlic et al. 2004 (Strochlic et al. , 2005 ). 14-3-3␥ is a member of a growing family of proteins involved in many intracellular signaling events, including MuSK signaling (Strochlic et al. 2004 (Strochlic et al. , 2005 . Further studies will be required to elucidate a potential role of CK2 in this interaction.
In addition to CK2, other kinases are involved in AChR cluster stabilization. Recently, the Src family of kinases (Smith et al. 2001 ) and the Abelson tyrosine kinases (Abl) have been identified as MuSK effectors regulating stability (Finn et al. 2003) . Since Abl kinases have been proposed to stabilize AChR clusters through induction of a synaptic actin network, the possibility of their involvement in CK2-dependent MuSK signaling should be investigated.
The Wnt pathway appears to be involved in the development of the NMJ in Drosophila and in presynaptic differentiation in the vertebrate CNS (Salinas 2005) . Experimental evidence for its involvement in post-synaptic differentiation at the vertebrate NMJ is, so far, based on interactions between members of the Wnt/␤-catenin pathway, such as Dishevelled, APC, and ␤-catenin and proteins participating in the formation of post-synaptic specializations at the NMJ, such as MuSK, the ␤ subunit of AChRs, and rapsyn (Luo et al. 2002 (Luo et al. , 2003 Wang et al. 2003) . Here, we did not observe a direct interaction between CK2␤ and Wnt transmembrane receptors or between MuSK and CK1, which has been recently invoked in Wnt signaling (see Supplementary Fig. 1 ; Davidson et al. 2005; Swiatek et al. 2006) , suggesting that interactions between CK2␤ and MuSK are specific. However, CK2 and ␤-catenin have been shown to coprecipitate with the Dishevelled proteins (Song et al. 2000) . CK2 phosphorylates ␤-catenin and Dishevelled proteins, and a CK2 inhibitor was shown to block proliferation of Wnttransfected cells by a reduction of ␤-catenin and Dishevelled levels (Song et al. 2000 (Song et al. , 2003 . In this way, CK2 could participate in both the Wnt/␤-catenin and the Agrin-MuSK signaling pathways. It remains to be seen whether the two pathways are connected.
The findings presented in this study might be of significant general impact regarding the fine-tuning of synaptogenesis not only at the NMJ but also in the CNS, where CK2 has already been detected (Chung et al. 2004) . It is tempting to speculate that a number of signaling events mediated by receptor tyrosine kinases are influenced by either phosphorylation of serine residues within their KIs or other modifications that probably help to establish docking sites for intracellular signaling proteins.
Materials and methods
Plasmid constructs and yeast two-hybrid experiments
Two intracellular MuSK domains from rat (accession no. U34985) were linked together (named MuSK2xwt) by five modules that each coded for amino acid residues E and G. NcoI and EcoRI were used as restriction sites for the first intracellular MuSK domain; EcoRI and SalI were used for the second intracellular MuSK domain. The same strategy was applied for the generation of MuSK2xkd, representing two linked intracellular domains from a MuSK kinase-defective mutant. Both MuSK2xwt and MuSK2xkd were subcloned either in pGBKT7 (Clontech) to generate yeast two-hybrid bait plasmids or in myctagged pcDNA3 (Invitrogen) to create expression plasmids. Fulllength human CK2␤ fused in frame to Gal4 activation domain by use of restriction digestion sites EcoRI and XhoI into pGAD-GH was identified by a yeast two-hybrid screen. T7-or myctagged CMV-driven expression plasmids containing full-length CK2␤ were constructed by PCR amplification of CK2␤ cDNA and use of restriction digestion sites HindIII/XhoI or KpnI/ HindIII, respectively. For epitope-mapping studies, different yeast expression plasmids containing PCR-amplified intracellular epitopes of mouse MuSK (accession no. MMU37709)-starting with the first amino acid residue of the intracellular domain after the transmembrane segment-were subcloned into pGBKT7 using restriction digestion sites EcoRI and SalI. As a 5Ј primer, 5Ј-GGAATTCTATTGCTGCCGAAGGAGGAAA-3Ј was always used and was combined with the following 3Ј primers for the different epitopes: (1) until the end of the juxtamembrane area (MuSK-563), 5Ј-ACGCGTCGACTTACTTGG GATTCAGAAGGA-3Ј; (2) until middle of the kinase domain (MuSK-682), 5Ј-ACGCGTCGACTTAGCGCTGCAGGATCCG GT-3Ј; (3) until the end of the kinase domain (MuSK-857), 5Ј-ACGCGTCGACTTACAGGTCACTGTGGCTGA-3Ј; and (4) until the end of the MuSK protein (MuSK-868), 5Ј-ACGC GTCGACTTAGACGCCTACCGTTCCCA-3Ј. PCR-amplified human CK2␤-encoding epitopes (accession no. NM_001320) were fused to Gal4 activation domain using as vector pGAD424 (Clontech) and restriction sites BamHI and BglII. The 5Ј primer 5Ј-GGGGATCCGTATGAGCAGCTCAGAGGAG-3Ј was used with one of the following 3Ј primers for four different CK2␤ epitopes: (1) CK2␤-47, 5Ј-GAAGATCTTTATCGGTAGTGA GGGACCTG-3Ј; (2) CK2␤-55, 5Ј-GAAGATCTTTAGTCCAA GATCATGTCTAG-3Ј; (3) CK2␤-64, 5Ј-GAAGATCTTTAGTC TTCCAGTTCTTCATC-3Ј; and (4) CK2␤-140, 5Ј-GAAGATC TTTAGCACTTGGGGCAGTAGAG-3Ј. Full-length and 3Ј truncated versions of human CK2␤ were amplified by PCR and fused to GST using the vector pGEX-KG (Guan and Dixon 1991) and restriction sites XhoI and HindIII. For that 5Ј primer, 5Ј-CCG CTCGAGATGAGCAGCTCAGAGGAG-3Ј was combined with 3Ј primers (1) CK2␤-47, 5Ј-ATAAAGCTTTTATCGGTAGT GAGGGACCGT-3Ј; (2) CK2␤-55, 5Ј-ATAAAGCTTTTAGTC CAAGATCATGTCTAG-3Ј; (3) CK2␤-64, 5Ј-ATAAAGCTTT TAGTCTTCCAGTTCTTCATC-3Ј; (4) CK2␤-140, 5Ј-ATAAA GCTTTTAGCACTTGGGGCAGTAGAG-3Ј; and (5) full-length CK2␤, 5Ј-ATAAAGCTTTCAGCGAATCGTCTTGACTGG-3Ј. The The formation of hemagglutinin-tagged CK2␣ as plasmid pCEFL-HA-CK2␣ is described elsewhere (Korn et al. 2001) . We fused CK2␣ (accession no. BC072167) to a GST moiety by PCR amplification using the restriction digestion sites XhoI and HindIII of the plasmid pGEX-KG (primers 5Ј-CCGCTCGAGATGTCAG GACCTGTGCCAAG-3Ј and 5Ј-CCCAAGCTTCTACTGAGTG GCTCCAGCTG-3Ј). Construction of T7-tagged CMV-driven expression plasmids containing the intracellular domain of mouse MuSK (accession no. MMU37709) or 3Ј truncations thereof required first the insertion of the tag into pCMX-PL1 (Umesono et al. 1991) . Thereafter, 5Ј-GGAATTCGTATTGCTGCCGAAG GAGGAAA-3Ј was used in combination with different 3Ј primers:
(1) MuSK-563, 5Ј-CCGCTCGAGTTACTTAGGATTCAGAAG GAG-3Ј; (2) MuSK-682, 5Ј-CCGCTCGAGTTACAGGTCACT GTGGCTGAG-3Ј; (3) MuSK-857, 5Ј-CCGCTCGAGTTAGCGC TGCAGGATCCTGTG-3Ј; and (4) MuSK-868, 5Ј-CCGCTC GAGTTAGACACCCACCGTTCCCTC-3Ј. For generation of recombinant protein from Escherichia coli, the intracellular domain of MuSK from rat was amplified by PCR using primers 5Ј-CCCAAGCTTACCATGTATTGCTGCCGAAGGAGGAGAGA G-3Ј and 5Ј-GGCCTCGAGTTGCTCTAGCTCAAGAAATTCC -3Ј, subcloned into pET28b (Dianova) using restriction sites XhoI and HindIII, and thereby fused to a histidine-tag.
Silencing of CK2 subunits was achieved by use of either synthetic or plasmid-derived siRNAs. siRNA primers were designed with the software Sfold (Ding et al. 2004 ). For knocking down gene expression of mouse CK2␣ (accession no. BC060742), complementary primers, starting at position 373 bp (5Ј-GATCCCCGTGTTTGAAGCCATCAACATTCAAGAGATG TTGATGGCTTCAAACACTTTTTGGAAA-3Ј and 5Ј-AGCTT TTCCAAAAAGTGTTTGAAGCCATCAACATCTCTTGAAT GTTGATGGCTTCAAACACGGG-3Ј) were hybridized and subcloned into pSUPERneoGFP (Oligoengine) using restriction sites HindIII and BglII. Gene expression of mouse CK2␣Ј and CK2␤ were inhibited using synthetic siRNAs (stealth RNAi, Invitrogen). For CK2␣Ј (accession no. BC057862), two synthetic siRNA were used corresponding to position 690 bp, 5Ј-UAU CAUGCUCGCUAACAUGCAGCCC-3Ј, and 746 bp, 5Ј-AUU CGAACAAGCUGGUCAUAGUUGU-3Ј. CK2␤ (accession no. BC003775) gene expression was silenced using a synthetic siRNA corresponding to position 189 bp, 5Ј-AGAAGAAUU CAUUACCACGGAGCCC-3Ј.
The efficiency of knockdown of respective CK2 gene expression at mRNA level was quantified by a gene reporter assay. Therefore, a luciferase gene and either CK2␣-, CK2␣Ј-, or CK2␤-encoding cDNAs (see below) were subcloned as bicistronic messages into pCMX-PL1.
At protein level, the efficiency of knockdown of the respective CK2 subunits was confirmed by Western blot. Full-length CK2␣ᒑ, CK2␣Ј-, and CK2␤-encoding cDNAs from mouse were amplified by PCR, using following primers: CK2␣, 5Ј-CCG CTCGAGGATGTCGGGACCCGTGCCA-3Ј and 5Ј-GGGGT ACCTTACTGCTGAGCGCCAGC-3Ј; CK2␣Ј, 5Ј-CCCAAGCTT GATGCCCGGCCCGGCCGCG-3Ј and 5Ј-GGGGTACCTCAT CGTGCTGCGGTGAGAC-3Ј; or CK2␤, 5Ј-CCGCTCGAGGAT GAGTAGCTCTGAGGAG-3Ј and 5Ј-GGGGTACCTCAGCGA ATAGTCTTGAC-3Ј, subcloned into pCMX-PL1-T7 linearized either by XhoI and KpnI (CK2␣, CK2␤) or HindIII and KpnI (CK2␣Ј).
Substitutions of serine residues within the KI of MuSK by alanines, aspartates, or glutamates were introduced into plasmid pMT-MuSK (full-length MuSK; gift from Dr. Christian Fuhrer) or into plasmid pET28b-MuSK-intracellular, using the QuikChange XL Site-directed Mutagenesis Kit (Stratagene). All expression cassettes were verified by DNA sequencing. For detection of transfected cells in cell culture, a nuclear-localized version of GFP, pnlsGFP (Hashemolhosseini et al. 2000) , was cotransfected.
For generation of pcDNA3-MuSK ⌬KI lacking MuSK KI domain, the two parts upstream and downstream from the KI were separately amplified by PCR using for the upstream part primers 5Ј-CGAATTCATGAGAGAGCTTGTCAACATTC-3Ј and 5Ј-CCCTAGGAACTCATTGAGGTCACCATAG-3Ј and for the downstream part primers 5Ј-GCCTAGGGTGTGCAGAACA GCTCTGC-3Ј and 5Ј-CTCTAGATTAGTATTGGTGAGGC CA-3Ј. Concomitantly, an AvrII site was introduced at the fusion site of both MuSK fragments. MuSK chimeras containing KIs of other receptor tyrosine kinases were generated using the AvrII site. ILGF-1-R (accession no. NM_010513) and IR (accession no. NM_010568) KIs were subcloned by hybridizing the following oligos: ILGF-1-R KI, 5Ј-CTAGCGTCTCTGAG GCCAGAAGTGGAGCAGAATAATCTAGTCCTCATTCCTC CGAGCTTC-3Ј and 5Ј-CTAGGAAGCTCGGAGGAATGAG GACTAGATTATTCTGCTCCACTTCTGGCCTCAGAGACG-3Ј; and IR KI, 5Ј-CTAGCGTCTCTGAGGCCAGATGCTGAG AATAACCCAGGCCGCCCTCCCCCTACCTTGCAA-3Ј and 5Ј-CTAGTTGCAAGGTAGGGGGAGGGCGGCCTGGGTTATT CTCAGCATCTGGCCTCAGAGACG-3Ј. The KI of PDGF␤-R (accession no. ⌵⌴_008809) was amplified by PCR from mouse muscle first-strand cDNA, using following primers: 5Ј-AGC TAGCGCGACACTCCAACAAGCATTG-3Ј and 5Ј-GGCTAG CACTGGTGAGTCGTTGATTAAG-3Ј.
Yeast two-hybrid analysis was performed mainly according to the manufacturer's instructions (Clontech) and as previously described (Schubert et al. 2004) .
RNA preparation, reverse transcription, and PCR
Total RNA was extracted from mouse tissues or from C2C12 cells with TRIzol reagent (Invitrogen) as described (Hashemolhosseini et al. 2002) . After reverse transcription, cDNA was used for PCR with specific primers (see Plasmid Constructs) or with the following mouse-specific primer pairs for quantitative PCR reactions using the Lightcycler-FastStart DNA Master SYBR Green Kit and the Lightcycler Thermal Cycle System (Roche) according to the manufacturer's instructions: (1) CK2␤, 5Ј-TCTGTGAGGTGGATGAAGAC-3Ј and 5Ј-TGTGGATGCA CCATGAAGAG-3Ј; and (2) ␤-actin, 5Ј-TGGAATCCTGTGG CATCCATGAAA-3Ј and 5Ј-TAAAACGCAGCTCAGTAACA GTCCG-3Ј.
Tissue culture, transfection, extract preparation, Western blot, treatment with Agrin, application of CK2 inhibitors, quantification of AChR aggregates
Cos7 or HEK293 cells were maintained in Dulbecco's modified Eagle's medium (DMEM) containing 10% (v/v) fetal calf serum (FCS, Invitrogen). C2C12 cells were maintained for proliferation in DMEM containing 20% (v/v) FCS; for differentiation, the medium was replaced by DMEM with 5% (v/v) heat-inactivated horse serum (HS, Invitrogen). Myotubes were formed after 4-6 d. MuSK-deficient myoblasts (gift from Drs. Ruth Herbst and Steve Burden) were proliferated in DMEM containing 10% (v/v) FCS, 10% (v/v) HS, 0.5% chick embryo extract (CEE, SLI), mouse recombinant interferon-␥ (Sigma) at 33°C, and 10% CO 2 . For differentiation, MuSK-deficient myoblasts were transferred to the proliferation medium lacking CEE and interferon-␥ at 39°C and 10% CO 2 . For MuSK-deficient cells in all cases dishes were coated with Matrigel (Becton Dickinson). Myotubes were usually observed after 2-3 d.
For the preparation of cell extracts, HEK293 cells were transfected in 100-mm dishes with a total of 10 µg of expression vectors using Superfect (Qiagen), according to manufacturer's instructions ). Cos7 cells were transfected in 100-mm plates for preparation of extracts using the DEAE-dextran technique followed by chloroquine treatment. The total amount of plasmid was always kept constant using empty CMV vector. At 48 h post-transfection, cells were harvested for extract preparation as described ). For immunocytochemistry, C2C12 cells and MuSK-deficient cells were transfected in 35-mm plates using Lipofectamin 2000 (Invitrogen), according to manufacturer's instructions, with 2 µg of pnlsGFP together with 2 µg of expression plasmid.
The production of Agrin-conditioned media was described previously (Kröger 1997) . Agrin-conditioned medium was added at 1:8 dilution to C2C12 myotubes. AChR aggregates were detected or quantified 16 h later, as described below. The terms active and inactive reflect Agrin originating either from isoform Agrin A0B0 or Agrin A4B8 (Gesemann et al. 1995) .
For preparation of muscle tissue extract, synaptic areas of mouse soleus and gastrocnemius muscles were dissected, frozen in liquid nitrogen, mashed, and homogenized in ice cold lysis buffer (10 mM Hepes at pH 7.9, 0.2 mM EDTA, 2 mM DTT, 1% Nonidet P-40, 2 µg/µL leupeptin and aprotinin) for 10 min.
For detection of proteins on nitrocellulose membranes after Western blotting, the following primary antibodies were used: monoclonal antibodies directed against the T7-epitope (Novagen), myc-epitope (Cell Signaling), hemagglutinin-epitope (Santa Cruz), and against CK2␤ (gift from Dr. Olaf-Georg Issinger) or polyclonal sera against either CK2␣ (Upstate Biotechnology) or MuSK (ABR, Abcam, or 194T gift from Dr. Markus Ruegg). Monoclonal antibodies were used at 1:10,000 or 1:250 dilutions (only for CK2␤); polyclonal antibodies were used at 1:100 dilution. Horseradish-peroxidase-coupled protein A or anti-mouse-Ig-coupled horseradish-peroxidase was used as secondary antibodies at 1:3000 dilution together with ECL detection system (Amersham).
Inhibition of endogenous CK2 activity was performed using one of two different inhibitors, either apigenin (Sigma, HCLP grade) or DMAT (Calbiochem and gift from Drs. Flavio Meggio and Lorenzo A. Pinna) (Critchfield et al. 1997; Pagano et al. 2004) . Stock solutions for both inhibitors were generated by dissolving them in DMSO at 100 mM or 10 mM, respectively. Four hours before adding of Agrin-conditioned media to C2C12-or MuSK-deficient cells, apigenin was added to the cell cultivation medium at indicated concentrations. Twelve hours later, another 25% of apigenin was added to compensate for degradational loss of inhibitor activity. DMAT was added to the cell cultivation medium at the same time as Agrin-conditioned medium at indicated concentrations. For both inhibitors, cells were incubated in 16 h total with Agrin-conditioned medium. Same amounts of DMSO added to C2C12-or MuSK-deficient cells served as mock control. AChR aggregates were quantified as follows: Using the Cy3 filter, pictures were taken from 10 areas exhibiting similar myotube density as confirmed by phase contrast microscopy at 100× magnification. AChR clusters were counted for each area, normalized to mock treatment that was set to 100%. Quantification of AChR clusters was performed for three independent experiments. For assessing AChR cluster stability C2C12 myotubes were treated for 16 h with Agrin alone or together with apigenin (60 µM), washed, and then maintained in medium with or without apigenin. Cells were stained with 1:2500 diluted BTX (rhodamine-␣-bungarotoxin; 1mg/mL, Molecular Probes) at 0, 4, and 8 h and fixed in 4% PFA. Number of AChR clusters at 0 h after Agrin removal was set to 100%.
Quantification of the AChR cluster density and length was done as described before (Jacobson et al. 2001 ) using the Scion Image program (Scion Corporation). In brief, pictures of MuSKdeficient myotubes expressing AChR clusters on their surface were taken by fluorescence microscopy using the Cy3 filter. Images were imported into the Scion Image program in grayscale mode. Size scale calibration was set to 0.58 or 1.16 pixel/ µm for 400× and 200× magnification, respectively. The total cluster area was determined by circumscribing clusters using the free hand tool of the software and then measured. The clusters were highlighted using the density slice tool of the software. The selected areas were then compared with the original photographs, and the particles within the area occupied by clusters were analyzed. The quantifications were done independently by three individuals. The AChR density, given as a percentage, was calculated as particle area divided by total area of the cluster. The length of AChR clusters was presented in micrometers. Statistical analysis was performed using an unpaired two-tailed t-test.
For purification of recombinant proteins, plasmids carrying the histidine-tagged intracellular domain of MuSK from rat or its alanine mutant (S680/697A) were transformed in E. coli (BL21-Rosetta). The bacteria were grown until OD 600 of 1.0, and the expression of the respective genes was induced by 1 mM IPTG for 4 h to express the histidine-tag containing proteins. Bacterial pellets were dissolved after centrifugation in 6 M guanidine hydrochloride, 0.1 M NaH 2 PO 4 , and 0.01 M Tris (pH 8.5); shaken overnight at 250 rpm; and bound to Ni-NTA agarose beads (Qiagen) under constant rotation at RT. Beads were washed five times in 8 M Urea, 0.1 M NaH 2 PO 4 , and 0.01 M Tris (pH 8.0) and three times with 8 M Urea, 0.1 M NaH 2 PO 4 , and 0.01 M Tris (pH 6.6). Proteins were eluted with 8 M Urea, 0.1 M NaH 2 PO 4 , and 0.01 M Tris (pH 4.5) and concentrated using Centricon Plus-20 column (Amicon Bioseparations). Finally, proteins were dissolved in buffered conditions, and their final concentrations were adjusted to 200-500 ng/µL.
Immunoprecipitation and GST pulldowns
For immunoprecipitations, transiently transfected HEK293 or Cos7 cells were lysed, and for each extract, the expression level of protein was analyzed by Western blot. One microliter of a monoclonal antibody against the T7 (Novagen), myc (Cell Signaling), or hemagglutinin epitope (SantaCruz) was added and the reaction incubated under constant rotation at 4°C for 30 min. Next, 20 µL of PBS-equilibrated protein A-sepharose CL-4B beads (Amersham) was added and incubation was continued overnight. After washing the beads three times with HNTGbuffer (50 mM Hepes at pH 7.5, 150 mM NaCl, 1 mM EDTA, 10% glycerol, 0.1% Triton X-100, 10 mM PMSF, 1 mM leupeptin and aprotinin), the precipitated proteins were analyzed by SDS-PAGE and Western blot.
For GST pulldowns, bacteria were grown in 50-mL cultures until OD 600 was 0.4 and were induced by 1 mM IPTG for 4 h to express the GST fusion proteins. Bacteria were collected by centrifugation, incubated in sonication buffer (50 mM NaH 2 PO 4 , 300 mM NaCl, 25 U/mL Benzonase, 10 µg/mL leupeptin, 10 µg/mL aprotinin, 1 µL/mL Triton X-100, 10 µg/mL DNAseI, 15 U/µL Lysozym) for 30 min at 4°C, lysed by sonication, and centrifuged. The supernatants containing the GST fusion proteins were supplemented by 30 µL of equilibrated glutathione beads and incubated under constant rotation for 2 h at 4°C. After washing three times with washing buffer (4.3 mM Na 2 HPO 4 , 1.47 mM KH 2 PO 4 , 1.37 mM NaCl, 2.7 mM KCl), an aliquot of the beads, now carrying the GST fusion protein, was incubated together with the extract from transiently transfected cells to pull down respective proteins. After washing the beads again three times with washing buffer, proteins bound to the beads were analyzed by SDS-PAGE and Western blot.
For immunoprecipitation of endogenous CK2␤ and MuSK proteins from C2C12 cells or mouse soleus and gastrocnemius muscles, a polyclonal rabbit serum against MuSK (Abcam) was preconjugated with Protein A-sepharose and added to the extracts (Schubert et al. 2004 ). Samples were incubated under constant rotation overnight. After washing three times with 50 mM Hepes (pH 7.5), 50 mM NaCl, 1 mM EDTA, 10% glycerol, 10 mM PMSF, and 1 mM leupeptin and aprotinin, coprecipitated proteins were detected by SDS-PAGE and Western blot. 
P]␥-ATP incorporation assay of peptides and proteins
Peptides were custom synthesized (Thermo Electron). First, 0.2 mM of each peptide was incubated in 50 mM Hepes buffer (pH 7.5), 10 mM MgCl 2 , 0.5 mM DTT, 50 mM NaCl, and 50 µM [ 32 P]␥-ATP (specific activity 3500-7800 cpm/pmol) with different amounts of recombinant CK2␣ from Xenopus laevis for 10 min (incorporation assay) or 30 min (verification by SDS-PAGE) at 30°C or for the indicated times (time course). For incorporation assays, either 3 or 4.5 pmol of each peptide was used in the presence or absence of CK2␤. For time course assays, 33 pmol of recombinant CK2␣ from X. laevis was used; for verification of the phosphorylation by SDS-PAGE, 4.5 pmol of recombinant CK2␣ from X. laevis was used. In addition, the verification of the phosphorylation experiment by SDS-PAGE required [ 32 P]␥-ATP with a specific activity of 20,000 cpm/pmol. The reaction was spotted onto P81 phosphocellulose paper and washed three times in ice-cold 75 mM H 3 PO 4 . Paper-associated radioactivity was measured by scintillation counting. Control values obtained in assays without added enzyme were subtracted. For each peptide, the experiment was performed three times independently. For verification by SDS-PAGE, reactions were analyzed on 14% SDS-PAGE. Radioactive bands were detected on a Molecular Imager FX apparatus (Bio-Rad). CK2 activity of 10 µg mouse muscle lysates was measured as described above using a previously described synthetic peptide substrate (RRRD-DDSDDD).
For determining MuSK kinase activity, C2C12 myotubes were treated with Agrin and DMAT (40 µM) as described (see above). From these cells, MuSK was isolated by immunoprecipitation using MuSK antibodies conjugated with Protein A-sepharose beads. Immunoprecipitates were washed three times in HNTG buffer, followed by two times washing in kinase buffer (10 mM MnCl 2 , 50 mM Tris at pH 7.4). After resuspension of the precipitated MuSK in kinase buffer acid, denatured enolase was added. The reaction was started by the addition of [ 32 P]␥-ATP, stopped after 10 min by addition of Laemmli buffer, and boiled for 5 min, and the samples were resolved by 10% SDS-PAGE for autoradiography. For acid denaturation of enolase, 1 vol of enolase was mixed with 1 vol of 50 mM acetic acid and incubated for 5 min at 30°C. Denaturation was stopped by addition of 1 vol of 1 M Hepes (pH 7.4).
Recombinant intracellular domains of MuSK from rat or the
